A proteomic analysis of Psychrobacter articus 273-4 adaptation to low temperature and salinity using a 2-D liquid mapping approach Psychrobacter 273-4 was isolated from a 20 000-40 000-year-old Siberian permafrost core, which is characterized by low temperature, low water activity, and high salinity. To explore how 273-4 survives in the permafrost environment, proteins in four 273-4 samples cultured at 4 and 227C in media with and without 5% sodium chloride were profiled and comparatively studied using 2-D HPLC and MS. The method used herein involved fractionation via a pH gradient using chromatofocusing followed by nonporous silica (NPS) RP-HPLC and on-line electrospray mass mapping. It was observed that 33 proteins were involved in the adaptation to low temperature in the cells grown in the nonsaline media while there were only 14 proteins involved in the saline media. There were 45 proteins observed differentially expressed in response to salt at 227C while there were 22 proteins at 47C. In addition, 5% NaCl and 47C showed a combination effect on protein expression. A total of 56 proteins involved in the adaptation to low temperature and salt were identified using MS and database searching. The differentially expressed proteins were classified into different functional categories where the response of the regulation system to stress appears to be very elaborate. The evidence shows that the adaptation of 273-4 is based primarily on the control of translation and transcription, the synthesis of proteins (chaperones) to facilitate RNA and protein folding, and the regulation of metabolic pathways.
Introduction
Psychrobacter is a "cold-loving" bacterium, which has been isolated from various sources, including sea water [1, 2] , sediments [3, 4] , coast [5] , soil [6] , permafrost [7] , ice [8] [9] [10] , refrigerators [11] , animals [12, 13] , and food [13] [14] [15] [16] [17] . Psychrobacter 273-4 examined in this work was isolated from a 20 000-40 000-year-old Siberian permafrost core [18] , which is characterized by low temperature (2107C), low water activity (aw = 0.85-0.9), poor nutrition, and high salinity. Psychrobacter 273-4 is able to survive at a temperature of 2107C with optimal growth rate at 227C. Furthermore, it grows rapidly at low temperatures. In addition, it is able to tolerate up to 15% salt. The permafrost habitat of Psychrobacter 273-4 has very similar characteristics to that of certain known astral bodies. Therefore, Psychrobacter 273-4 was selected as a model to study cold and salinity adaptation for understanding further the adaptations of life on other astral bodies since it is well adapted to the permafrost environment.
Temperature and salinity are two crucial factors that influence the distribution of bacteria in nature. Low temperature and high salinity are usually treated as environmental stress factors for the survival of bacteria. In order to survive in an extreme environment, bacteria must develop special biochemistry and its regulation to maintain the integrity of the cell and sustain its proper function. As one of the fundamental components of a cell, proteins play an important role in cell function. Hence, the investigation on the proteome is essential to understand the impact of low temperature and high salinity.
Salt effects have been extensively studied, especially in halophiles. The response of bacteria to low temperature has been extensively studied in certain bacteria and various regulation systems have been proposed to elucidate the mechanism [19, 20] . However, most of these studies focused on cold shock. Research on long-term low-temperature adaptation has been initiated recently as a result of growing interest in astrobiology due to exceptional features of psychrophiles. In particular, low-temperature adaptation of an archae Methanococcoides burtonii and a Gram-positive bacterium Bacillus sychrosaccharolyticus were investigated using proteomic tools [21] [22] [23] [24] , and proteins related to low temperature were identified.
Research on salt adaptation has focused primarily on plants in high-salinity environments and halophilic bacteria, with recent interest directed to other bacteria [25] [26] [27] [28] [29] [30] . Most of the studies of bacteria were conducted on a Gram-positive soil bacterium Bacillus subtilis. No proteomic studies of salt adaptation of any psychrophile have been reported to date. It is the first time that the salt adaptation of a Gram-negative bacterium is studied.
Progress on low-temperature and salinity adaptation research has been achieved mainly through genomic or physiological studies. Proteomic analysis provides the dynamic information of cells, which reflects the actual live status of cells. The genome of 273-4 with 2147 ORFs is relatively small which could make it simpler to understand its cold adaptation mechanisms. How it survives in a harsh environment with such a small genome is of great interest. Identification of all the proteins including those differentially expressed under different conditions will facilitate the understanding of the adaptation process.
As a traditional proteomic separation method, 2-DE provides high resolution and sensitivity for the separation of proteins [31, 32] . However, it also has several inherent limitations, including poor reproducibility, low recovery, and it is labor intensive. To overcome these drawbacks, a column-based 2-D liquid phase separation method has been developed as an alternative [33, 34] . This method fractionates proteins by pI in the first dimension by chromatofocusing (CF), and subsequently separates proteins by hydrophobicity using nonporous RP-HPLC (NPS-RP-HPLC). The final eluent is collected for PMF, and/or is introduced into an ESI mass spectrometer for molecular weight determination.
In an effort to understand the biological process involved in cold and salt adaptation, four 273-4 samples cultured at 22 and 47C in 1/2 tryptic soy broth (TSB) with or without 5% NaCl were selected to study the impact of low temperature and salt on adaptation using 2-D HPLC and MS.
All the proteins including those differentially expressed were further identified using MALDI-TOF-MS or MALDI-TOF/TOF-MS/MS and ESI-TOF-MS.
Materials and methods

Chemicals
N-Octyl-b-D-glucoside (OG), urea, thiourea, iminodiacetic acid, bis-tris propane, Trizma base (Tris), PMSF, ammonium bicarbonate, TFA, formic acid, sodium iodide, NaCl, hydrogen chloride, a-cyano-4-hydroxycinnamic acid (CHCA), isopropanol, and ACN were purchased from Sigma (St. Louis, MO, USA). Tri(2-carboxyethyl) phosphine hydrochloride (TCEP) was purchased from Pierce (Rockford, IL, USA). Sequencing grade TPCK-modified porcine trypsin was purchased from Promega (Madison, WI, USA). Standard buffer solutions of pH 4, 7, and 10, were obtained from Fisher Scientific (Burr Ridge, IL, USA). Protein assay and BSA were purchased from BioRad Laboratories (Richmond, CA, USA). Start and elution buffers were obtained from Beckman Coulter (Fullerton, CA, USA), and the pH was adjusted when necessary. Water was purified by a Milli-Q water filtration system (Millipore, Bedford, MA, USA). The reagents were used without further purification.
Cell culture
Psychrobacter articus 273-4 was acclimatized to low water activity and low temperature by culturing at least four times in 1:2 dilution of 1/2 TSB or 1/2 TSB 1 5% NaCl at 4 or 227C. The permafrost isolate was grown to an absorbance (OD600) of 0.3 in 1/2 TSB 1 5% NaCl or 1/2 TSB at 4 and 227C in 325 mL of media in four 500 mL Erlenmeyer flasks. A 300 mL culture of each sample was spun down for proteomics. Samples were prepared in duplicates.
Sample lysis
The cells were rinsed using 50 mM Tris-HCl solution (pH 7.6) three times. The cell pellet was resuspended in 4 mL of 50 mM Tris-HCl solution (pH 7.6), and sonicated on ice for 10 s with 30 s intervals until the solution became clear. PMSF was added at 2 mM concentration once the cells were disrupted. Urea, thiourea, n-octylglucoside, and TCEP were added into the solution at the end so that the final lysate contains 6 M urea, 2 M thiourea, 50 mM Tris-HCl, 2% n-octylglucoside, and 5 mM TCEP. The lysate was ultracentrifuged at 125 0006g for 60 min. The supernatant was collected and stored at 2807C for further use.
Protein quantification
The lysates were quantified using the BioRad protein assay based on the Bradford method using different dilutions of BSA as the standard according to the procedure described in the manual. The protein concentration of four samples varied from 2 to 12 mg/mL.
CF and RP separation
Protein mapping (CF and RP separation) was performed on the PF2D ProteomeLab (Beckman Coulter). In the CF, equilibration/start buffer (SB) and elution buffer (EB) were used to generate the internal pH gradient in the column. The pH range was set by the pH of the SB (pH 8.6) and the EB (pH 3.9), respectively. The sample was buffer exchanged using a PD-10 G-25 column purchased from Amersham Pharmacia Biotech (Piscataway, NJ, USA) before loading onto the CF column. The CF column was first equilibrated with SB at 0.2 mL/min, and then the exchanged sample (5 mg proteins) was loaded onto the column. EB was applied to elute proteins by their pI when a stable baseline was reached 30 min later. Following pH elution the column was washed with 1 M NaCl to remove the proteins binding on the column by electrostatic interaction at 105 min, then deionized water was applied to remove the NaCl from the column. Finally, isopropanol was employed to clean the column. The CF fractions were collected at 2.5 min intervals using a fraction collector. At the end of the collection certain fractions were further combined based on the assumption that intensity of the peak on the chromatogram is proportional to the abundance of the proteins; therefore, two adjacent CF fractions having very low UV absorbance were combined to shorten the run time of the second dimension. Each CF fraction (250 mL) was subsequently loaded onto the NPS-RP column for the second dimension separation by an autosampler. The separation was performed using water with 0.1% TFA (solvent A) and ACN with 0.1% TFA (solvent B) at a flow rate of 0.75 mL/min. The gradient profile was as follows: 5% B for 3 min, 5-25% B in 1 min, 25-31% B in 1 min, 31-37% B in 8 min, 37-41% B in 8 min, 41-67% B in 2 min, 67-100% B in 2 min, 100% B for 1 min, and 100-5% B in 1 min. The column was maintained at 457C. The fractions were collected every 0.93 min intervals from 5 to 35 min using a Gilson FC204 fraction collector and stored at 2807C for further analysis.
HPLC-ESI-TOF-MS
HPLC-ESI-TOF-MS was conducted on a Beckman Coulter Gold model 126 binary pump (Beckman Coulter) coupled with an ESI-TOF-MS (Micromass, Manchester, UK) using the CF fractions for protein molecular weight analysis. The separation was performed using the same NPS-RP column and the same gradient at a flow rate of 0.5 mL/min but with the addition of formic acid to the solvents A and B to a final concentration of 0.3% to increase the ionization efficiency for ESI-MS. The eluate was split 2:3 after column to be introduced into the ESI-TOF-MS and UV detector, respectively; the eluent from the UV detector was manually collected by peak for further analysis. The LCT was operated under positive ion mode, and the parameters were set as follows: capillary voltage 3200 V, sample cone 45 V, RF lens 750.0 V, extraction cone 2.0 V, desolvation temperature 3507C, source temperature 1107C, desolvation gas flow 650 L/h, with the maximum nebulizer gas flow. The external calibration was performed using direct infusion of NaI-CsI solution prior to the experiment, where spectra between m/z 500 and 4000 were acquired, and deconvoluted into mass spectra to obtain experimental molecular weights of proteins using the MaxEnt 1 deconvolution algorithm provided by Masslynx.
Tryptic digestion of the NPS-RP-HPLC fractions
The selected fractions collected from PF2D were digested using trypsin. Each fraction was concentrated to 80 mL using a SpeedVac, followed by the addition of 10 mL of 1 M ammonium bicarbonate to adjust the pH, and finally 0.25 mg of TPCK-modified trypsin was added. The solution was incubated at 377C for 12 h on a shaker. The digestion was terminated by the addition of 50 mL of fresh 0.1% TFA into the solution. The fractions collected from the HPLC detector coupled with ESI-MS were digested using the same protocol, but 40 mL of 1 M ammonium bicarbonate was added to each fraction instead to neutralize the TFA and formic acid.
MALDI sample preparation and data acquisition
The tryptic digested peptides were desalted using 2 mm C18 ZipTips (Millipore) and eluted with 5 mL of 60% ACN with 0.1% TFA. A saturated CHCA solution in 60% ACN with 0.1% TFA was diluted in 1:4 with 60% ACN with 0.1% TFA. Angiotensin I, ACTH 1-17, and ACTH 18-39 were added to the solution as internal standards. About 0.5 mL of the matrix solution and 0.5 mL of sample were spotted on the MALDI plate using a two-layer method [35, 36] . MALDI-MS analysis was performed on a TOF-SPEC 2E (Waters-Micromass) in the delayed-extraction reflectron mode with positive polarity. A 337 nm Nd:YAG laser was used at 50% of coarse laser energy and 20-90% of fine laser energy. The source voltage was 20 kV and extraction voltage was set at 1:1 to the source voltage. The pulse voltage was set at 2300 V, and reflectron voltage was 24 500 V. The delay time was 520 ns. The laser frequency was 5 Hz and 15-20 shots were collected over the m/z 0-4000 range for each spectrum.
MALDI data analysis and database search
Each spectrum was calibrated using internal standards and the monoisotopic peptide mass list was generated using Masslynx and submitted to the 273-4 unpublished database provided by Joint Genome Institute through the MS-FIT search engine for protein identification. The search was carried out allowing one missed cleavage, including peptide N-terminal Gln to pyroGlu, oxidation of M and protein N-terminal acetylated as possible modifications, and allowing 100 ppm mass tolerance. No limitation was set for the molecular weight and pI. The criteria for protein identification by MS was established based upon previous work [37] . In order to obtain a confident result, the spectrum was subjected to manual inspection if the sequence coverage was greater than 20% when the molecular weight was less than 60 K, or the sequence coverage was greater than 15% when proteins were greater than 60 K and the MOWSE score was greater than 10
3
. In addition, a 300 Da mass discrepancy between theoretical and experimental molecular weight was acceptable considering possible post-translational modifications when several components coeluted during the separation. When the mass discrepancy was greater than 300 Da, the molecular weight was accepted as the deconvoluted value when there was only one component; under coeluting conditions, if the sequence coverage was greater than 20% and the MOWSE score was greater than 10 4 , or the sequence coverage was greater than 25% and the MOWSE score was greater than 10 3 , the match was considered an acceptable match even if there was no molecular weight available.
MALDI-MS/MS
MALDI-MS/MS was conducted using an Applied Biosystems 4700 MALDI-TOF-TOF (Applied Biosystems, Foster City, CA, USA) when the protein could not be identified using MALDI-MS peptide mapping. The sample was spotted onto a plate using the same protocol as MALDI analysis without internal standards. A 337 nm Nd:YAG laser was used. The parent ions were fragmented in the TOF collision cell using collision energy of 1 kV. The mass window was set at 64 Da for the TOF/TOF timed ion selector. The parent ions and the daughter ions were analyzed in a reflectron MS/MS mode. The MS/MS spectra were acquired and processed using the 4700 Explorer. The parent ion and daughter ions monoisotopic peak list were submitted to the 273-4 database using MS-tag for protein identification. The search was performed as described above. The mass tolerance of the parent ion was 100 ppm and the daughter ion was 0.5 Da. The identification of proteins based on MS/MS analysis of one peptide was considered sufficient for such a relatively simple genome. The MS/MS analysis on multiple peptides was performed to increase confidence in protein identification.
Software
Virtual 2-D UV maps of the samples were generated by ProteoVue software (Beckman Coulter) with the pI along the X-axis and the hydrophobicity along the Y-axis. Each peak in the RP chromatograms was visualized into a band, where the darkness of the band was proportional to the peak intensity. Each map was normalized with the highest peak intensity. The differential expression of proteins was displayed using DeltaVue software (Beckman Coulter). The differential 2-D map was achieved by pointto-point substraction of two 2-D UV maps.
The theoretical molecular weight and pI of proteins were calculated using Compute pI/MW provided by expasy (http://us.expasy.org/tools/#primary).
PSORTb version 2.0 (http://www.psort.org/psortb/) was used to predict subcellular localization of proteins. The integration of peaks in each chromatogram was performed by a software written in-house.
Results and discussion
2-D HPLC separation
Four duplicate samples of Psychrobacter 273-4 cultured at 22 and 47C in 1/2 TSB medium with or without 5% NaCl were selected to study the impact of temperature and salt. The protein extractions were examined using 2-D HPLC and MS. A pH range of 4.0-8.6 was chosen for the first dimension CF separation, as 80% of ORFs are known to have a pI below 8.6 (Fig. 1) . The pH was usually monitored by a pH electrode with a flow cell placed before the detector; however, the extra dead volume resulting from the flow cell causes band-broadening for the separation (data not shown). NPS-RP-HPLC was performed by loading an identical volume of sample from each CF fraction using a PF2D system, where obtaining the identical volume of CF fractions from different samples was very important for subsequent comparison between samples. When CF fractions were collected by pH intervals, certain fractions with an identical pH range collected from different samples may have different volumes. This result can make the comparison between samples difficult since the CF fractions were loaded onto the RP column by volume and not by proportion in the current software used by PF2D. In order to eliminate the extra bandbroadening, the separation of the samples was carried out without monitoring the pH, and the fractions were collected at time intervals. However, the pH was monitored when running the blank prior to the protein separation using the same solvents. Owing to the reproducibility of the column-based separation, the pH intervals of the CF fractions of samples were obtained using the pH titration curve acquired from the blank as a reference. The second-dimensional separation was conducted on NPS-RP column based on hydrophobicity. The chromatograms of the NPS-RP-HPLC from one sample were converted into a virtual 2-D map based upon UV absorption detection using ProteoVue software.
The virtual 2-D maps are shown in Fig. 2 and the pI ranges of lanes in Fig. 2 are summarized in Table 1 . These four samples display similar protein profiles where more than 500 bands are observed on each map and most of the bands observed fit the pI range between pH 4.1 and 7.1. 
Identification of differentially expressed proteins
In order to study the influence of low temperature and salinity, the maps of cells grown in the same media but different temperature or the maps of cells grown at the same temperature but different media were compared using DeltaVue software. The proteins differentially expressed due to temperature are shown in Fig. 3 , and the proteins differentially expressed due to salinity are displayed in Fig. 4 . MALDI mass spectra of interesting fractions collected from the PF2D were acquired for the identification of these proteins. More than one protein was observed in certain fractions collected using the PF2D by time intervals, which causes difficulties in distinguishing these proteins. Therefore, an RP-HPLC was coupled with an ESI-TOF-MS and a UV detector to obtain the molecular weight as well as the peptide mass fingerprint in order to provide more evidence for the identification based on fractions collected from the PF2D.
The identification of differentially expressed proteins is summarized in Table 2 . All identifications were performed using the unpublished Psychrobacter 273-4 database with MS-FIT or MS-TAG search engine. It is not surprising that only one protein was identified in the majority of peaks representing differentially expressed proteins on the UV chromatogram since the genome is so small. Therefore, it is reasonable to quantify protein expression by integration of the peak area on the UV chromatogram. The quantification comparison in Table 2 was obtained from the average of two replicates. However, two proteins encoded from gene 2003 and gene 2751 were identified Table 2 . Function is derived from the database. Presence indicates culture conditions at which a protein was detected. 22: at 227C in 1/2 TSB media; 4: at 47C in 1/2 TSB media; 22S: at 227C in 1/2 TSB with 5% NaCl media; 4S: at 227C in 1/2 TSB with 5% NaCl media. Quantitation comparison is depicted in ratio of expression level of proteins between different culture conditions. Proteins differentially expressed more than two-fold at culture conditions compared are marked as gray. in one peak. It is still not clear whether one or both of them were differentially expressed under the given conditions using the current methods. The shot-gun proteomic method may be employed in the future to solve this problem. It is worth noting that only proteins differentially expressed more than two-fold were considered as significant in differential expression and included in Table 2 .
Most of the proteins in Table 2 were observed to be differentially expressed in four samples. However, a number of proteins were only detected under certain culture conditions, which provides a definite connection between their function and the culture condition. For instance, one protein encoded from gene 1450 was only detected in cells cultured at 227C in 1/2 TSB media; the other four proteins encoded from gene 393, 414, 2136, and 2415 were only observed in cells grown at low temperature (47C) and/or in saline media. The expression of protein encoded from gene 393 is shown in Fig. 5 as an example.
In addition, the function of the proteins encoded from gene 393 and 414 was unknown in the database. Response to temperature and/or salt may be part of their functions. Proteins encoded from gene 2136 and 2415 are annotated as putative HSP10 and putative coldshock protein. HSP10 contains a homolog of the bacteria cochaperonin GroES, which is a functional regulator of the chaperonin. HSP10 was identified as an essential component of the mitochondrial protein folding apparatus, participating in various aspects of HSP60 function [38, 39] . The cold-shock protein is usually induced by cold shock. This study reports for the first time that HSP10 and cold-shock protein were also overexpressed in the saline media.
The experimental molecular weights of the majority of proteins identified are in accordance with the molecular weights predicted from the protein sequences. However, the observed molecular masses of a number of proteins in Table 2 differed by up to 300 Da from predicted molecular weights. Molecular weight is a basic property of a protein sequence, so any change of molecular weight indicates a change in the protein sequence, which reflects the possible occurrence of post-translational modifications on the protein.
Temperature effect
Temperature effect in nonsaline media
Virtual 2-D maps of cells cultured in 1/2 TSB media at 22 and 47C were compared to illustrate the effect of temperature. The differential map is shown in Fig. 3A , and 18 upregulated proteins and 15 down-regulated proteins at 47C in 1/2 TSB are summarized in Table 2 . The majority of proteins down-regulated at 47C are ribosomal proteins. For example, ribosomal proteins S3, S4, S6, S15, L2, L7/L12, and L15 were observed down-regulated more than two-fold at 47C. In particular, ribosomal protein L28 was only detected at 227C. Ribosomal proteins are directly related to protein synthesis. The decrease of ribosomal proteins at low temperature suggests that protein synthesis is decreased at low temperature to conserve energy, prevent the synthesis of unwanted proteins, and selectively synthesize more proteins that can help the cell survive under stress conditions [40] .
The decrease in activity of cells at 47C reflects not only the decrease of certain ribosomal proteins but also of some other proteins. One protein annotated as putative NADH was down-regulated at 47C. NADH is responsible for electron transfer in cells. The decrease in NADH suggests a decrease of oxidoreductase activity at 47C. Two enzymes related to metabolism, probable fructosebisphosphate aldolase, and putative adenylosuccinate lyase were also down-regulated. Certain enzymes purified from psychrophilic organisms are cold-active enzymes, their enzymatic activity increases with the decrease of temperature [41] . However, little is known about correlation of catalytic activity of these two enzymes and temperature. It is still not clear if the change in their expression level is due to an increase of catalytic activity or low metabolic rate at 47C.
While proteins down-regulated at 47C help cells grow at 227C, proteins up-regulated at 47C increase the resistance of cells to the cold environment. In addition to induction of four proteins encoded from gene 393, 414, 2136, and 2415 at 47C discussed in the previous section, overexpression of other general stress-related proteins is another strategy used by 273-4 to adapt to cold environment. HSP60 and peptidyl-prolyl cis-trans isomerases, cyclophilin type were observed overexpressed at 47C. HSP60 was reported to prevent misfolding and promote the refolding and proper assembly of unfolded polypeptides generated under stress conditions [42] [43] [44] [45] [46] [47] [48] [49] . Peptidylprolyl cis-trans isomerases, cyclophilin-type could accelerate protein folding [50] . The overexpression of HSP60 and peptidyl-prolyl cis-trans isomerases, cyclophilin type at 47C facilitates protein folding, which is an effective way to overcome the stress caused by low temperature. In addition, the overexpression of HSP60 is consistent with the increase of HSP10 at 47C. Moreover, overexpression of peptidyl-prolyl cis-trans isomerases, cyclophilin-type at 47C in this study is in accordance with the finding of cold adaptation of M. burtonii [21] .
In contrast to the down-regulation of certain ribosomal proteins, some other translation-related proteins, such as tRNA synthetase encoded from gene 14 and EF-Tu encoded from gene 1195, were also up-regulated. Overexpression of tRNA synthetase promotes tRNA synthesis, and subsequently increases the amino acid transportation and protein synthesis at 47C. EF-Tu promotes the GTP-dependent binding of aminoacyl-tRNA to the A-site of ribosomes during protein biosynthesis [51] ; its overexpression also improves protein synthesis at low temperature. These results show that the modulation of protein expression at the translational level appears to be an important mechanism involved in cellular response to low temperature.
Temperature effect in saline media
The maps of cells grown in saline media at 4 and 227C were compared using DeltaVue software; the differential map is shown in Fig. 3B . Fewer proteins were observed to respond to the temperature change in saline media than in 1/2 TSB. Fourteen proteins were identified as contributing significantly to the temperature change in the saline media in Table 2 . Four proteins were up-regulated while ten proteins were down-regulated at 47C.
It is worthwhile to notice that proteins significantly regulated due to temperature effects in saline media differ from those in nonsaline media by either the amount or the direction of regulation. A conserved hypothetical protein encoded from gene 889 was significantly downregulated in both media at 47C; however, it is two times less significant in saline media than nonsaline media, indicating both salinity and temperature regulate its expression. Three proteins encoded from gene 831 (putative peptidylprolyl isomerase, FKBP-type), gene 2003 (D-3 phosphoglycerate dehydrogenase), and gene 2751 (aminotransferase) were also regulated in the same direction in both media; however, they were regulated in saline media but not in nonsaline media at 47C. Ten other proteins were observed to be regulated in the opposite direction from the nonsaline media. For example, HSP60 and peptidyl-prolyl cis-trans isomerase, cyclophilin type were down-regulated in contrast to their up-regulation in nonsaline media. Down-regulation of these two proteins and putative peptidylprolyl isomerase, FKBP-type suggests that protein folding is easier in saline media at 47C than 227C. Down-regulation of these general stress-related proteins at 47C in saline media suggests that 47C is favored over 227C in saline media by 273-4. This phenomenon is related to the chemical properties of salt in solution. It is well known that the ionic strength and the ion activity of salt in the solution decrease with the decline of the temperature, which results in lower external osmotic pressure exposed on cells in saline media at 47C than 227C. Therefore, 5% NaCl exposes less stress on cells at 47C than 227C.
Only ribosomal protein S15 was differentially expressed resulting from temperature change in saline media while eight ribosomal proteins were differentially expressed in nonsaline media due to temperature change. The decrease of the number of ribosomal proteins involved in temperature change in saline media illustrates that regulation on the translation level plays a less significant role in temperature change in saline media than it does in nonsaline media. This may be due to less active biological processes of cells in saline media, as shown in Fig. 2 where less ribosomal proteins were expressed in cells cultured at low temperature or in saline media than at optimal culture conditions.
The expression level of proteins in saline media was determined by salinity and temperature. Low temperature is favored by cells in saline media. The adaptation to temperature change in saline media relies mainly on the translation level overexpression of chaperons and peptidylprolyl isomerase to aid in protein folding and refolding, regulation of metabolism pathways and proteins with unknown functions.
Salt effect
The salt effect is depicted in Fig. 4 by comparing virtual 2-D maps of cells grown at the same temperature but in different media. Forty-five proteins were differentially expressed at 227C while only 22 proteins were differentially expressed at 47C as summarized in Table 2 .
Proteins regulated by salt at both 227C and 47C
A number of proteins were regulated toward the same direction at 227C and 47C in the saline media, and certain proteins were even changed by the same levels. For example, ribosomal protein L14 encoded from gene 2089 was up-regulated seven-fold at both 22 and 47C in saline media, indicating the influence of salt on its expression dominates over the influence of temperature, as is seen from the quantification data shown in [52, 53] . However, it was downregulated more significantly in saline media than at low temperature in our study. Protein encoded from gene 1511 is a putative two-component response regulator. The two-component response system first senses the temperature change, where the regulation system is triggered to adapt to the temperature change due to the cold shock in Escherichia coli [19] . Its overexpression in saline media may contribute to sensing the salt and triggering the cascade regulation system. Protein encoded from gene 831 is a putative peptidylprolyl isomerase, FKBP-type. Its increase greatly helps denatured protein refold in saline media [51] .
Proteins regulated by salt only at one temperature
Aside from the proteins' response to salinity at both temperatures, a large number of proteins responded significantly to salinity at only one temperature. Three proteins encoded from gene 414, 2136, and 2415 were significantly up-regulated by salt at 227C while they remained unchanged at 47C in saline media. Another protein en-coded from gene 393 induced by salt and low temperature was regulated toward different directions by salt at 47C and 227C. These facts indicate that gene 393 and three other induced proteins are not in the same reaction chain during the response. Putative 3'-phosphoadenosine 5'-phosphosulfate sulfotransferase encoded from gene 381, which acts as a metabolism cofactor to catalyze thioredoxin (Trx)-dependent reduction of 3'-phosphoadenosine-5'-phosphosulfate (PAPS) [54] , was highly expressed at 227C in the saline media. Two alkyl hydroperoxide reductases, alkyl hydroperoxide reductase subunit c encoded from gene 1277 and alkyl hydroperoxide reductase/thiol specific antioxidant encoded from gene 536 were also up-regulated at 227C in the saline media. NaCl may stimulate cells to generate alkyl hydroperoxide at 227C. These reductases were induced by the salt at 227C as they were induced by other oxidative stress [55] . Similar to the response to temperature in the cells cultured in the 1/2 TSB, HSP10, HSP60, the coldshock protein, EF-Tu, DNA-directed RNA polymerase, peptidyl-prolyl cis-trans isomerase, cyclophilin-type, ribosomal protein S3, ribosomal protein L2, two conserved hypothetical proteins encoded from genes 2392 and 935, and a number of metabolism-related proteins were up-regulated in response to salinity at 227C while some other ribosomal proteins were down-regulated. It suggests that salt at 227C in some instances causes similar damage to the cell as does low temperature, so that cells in the saline media at 227C use a similar strategy to survive as do those at 47C in 1/2 TSB including aiding in protein folding and modulation on the translation level.
In contrast to the response to salinity at 227C, the response to salinity at 47C involves much smaller number of proteins as demonstrated in Fig. 4 , which is due to lower external osmotic pressure at 47C in saline media as discussed in Section 3.4.1.
The two-component regulation system, DnaK suppressor, HSP70, peptidylprolyl isomerase, FKBP-type, and other translation and metabolism-related proteins play important roles in the adaptation to salinity at 4 and 227C. Alkyl hydroperoxide reductases were highly expressed in response to salinity at 227C while they were not observed to have changed significantly at 47C. In addition, low temperature and salinity showed a combination effect on a number of proteins.
Combination effect
More proteins were differentially expressed under the influence of temperature in cells grown in nonsaline media than in saline media, as shown in Fig. 3 . Furthermore, the proteins differentially expressed in both media were regulated in opposite directions, as shown in Table 2 . The presence of 5% NaCl in the media has apparently increased the cells' resistance to temperature change and changed the mechanism of the response. For instance, in the 1/2 TSB cells grown at 227C experienced less stress than at 47C; however, in the saline media, 47C is favored over 227C.
In order to study the influence of salt, cells cultured at the same temperature but in different media were compared. The virtual differential maps are shown in Fig. 4 . Fewer proteins were observed on the differential maps of cells cultured at 47C than at 227C, which indicates that low temperature (47C) may have blocked the sensitivity of cells to salt (5% NaCl). In addition, most of the proteins differentially expressed at 47C were regulated in the same direction except for a number of proteins. The effect of salt dominates over the effect of low temperature. However, the expression level change of the same protein at both temperatures suggests that temperature also influences the response to the salt.
Low temperature and 5% NaCl shows a combination effect on the expression of certain proteins. The combination effect of low temperature and salt is very complicated. As seen in the quantification column of Table 2 , the comparison between cells grown at 47C in saline media and cells grown at 227C in nonsaline media (1/2 TSB) clearly shows the complexity of the combination effect. For a certain protein expressed in all four samples, if the ratio generated from the comparison between cells grown at 47C in saline media and cells grown at 227C in nonsaline media is greater or smaller than those generated from comparison of salt effect and temperature effect, it suggests that low temperature and salt regulate the protein in the same direction; if the ratio is in between those generated from comparison of salt effect and temperature effect, it indicates that low temperature and salt regulate the protein in opposite ways. For a protein expressed only under certain conditions, the combination effect may be observed by comparison of the quantification information of low temperature or salt if available. It is observed from quantification information in Table 2 that 30 proteins were regulated in opposite directions by low temperature and salt while 23 proteins were regulated in the same direction, including 15 proteins down-regulated and eight proteins up-regulated. Protein encoded from gene 1793 is a good example of proteins regulated in the same direction by salt and low temperature. It was down-regulated less significantly either at low temperature or in saline media. However, it was down-regulated more than two-fold in cells grown at 47C in saline media than in cells at 227C in 1/2 TSB. Three proteins, ribosomal protein L28, HSP10, and the cold-shock protein were only affected by temperature or salt.
Classification of proteins differentially expressed
In order to explore the mechanism of cold and salt adaptation, the differentially expressed proteins were classified on the basis of their functional categories and location. The results are shown in Figs. 6 and 7. The differentially expressed proteins can be classified into 15 functional categories. Translational proteins constituted the majority of proteins identified, and the second category was conserved hypothetical proteins. Aside from proteins associated with transport and lipid metabolism, proteins in each category were involved in regulation. The location of the differentially expressed proteins varied from inside the cell to the outer membrane, which suggests that the regulation of the cell is not limited in any subunit; instead, it is a cell wide procedure. How these proteins associate with each other in the biological process is still not clear. Future metabolic pathways analysis may help to explain the origin of the regulation. 
Global protein profiling
The mechanisms of salt adaptation are similar to those of cold adaptation. Salt adaptation also relates to changing membrane fluidity [56, 57] and cell wall biosynthesis [25, 58] , the induction of general and stress-specific proteins [59] , and overexpression of chaperons [60] .
In spite of such extensive research on bacterial stress adaptation, no proteins related to membrane fluidity or cell wall biosynthesis have been observed in a comparative proteomic study. They may not be detected using this method or they could be detected, but not differentially expressed. In order to clarify this finding and provide a more comprehensive and accurate understanding of the response to the adaptation of low temperature and salinity, further global protein profiling was performed using the method described above. More than 250 proteins were identified as shown in Table 3 (see Adddendum) . A cell wall biosynthesis-related protein (UDP-glucose pyrophosphorylase) was detected during global protein profiling. However, there was no evidence that it was differentially regulated in cells cultured under different conditions in this study though it was expressed in other bacteria under stress [61] . Among the proteins identified, none associates with membrane fluidity. Specific enrichment may be required to analyze these proteins. Therefore, it is still too early to conclude if there is a connection between membrane fluidity and low temperature or saline media in 273-4.
It was surprising that several chaperones (HSP70, HSP90, HSP60, and HSP10) related to protein folding were identified along with the PPIase and stress-related proteins such as TerD, TerZ, even under optimal growth conditions, which suggests that 273-4 experienced the stress even under optimal conditions. Besides two of the differentially expressed peptidyl-prolyl cis-trans isomerases, cyclophilin-and FKBP-type, putative ppiC-type peptidyl-prolyl cis-trans isomerase (gene 135), probable peptidyl-prolyl cis-trans isomerase (gene 2185), and probable ppiC-type peptidyl-prolyl cis-trans isomerase (gene 2824) were also observed, which indicates peptidyl-prolyl cis-trans isomerases are actively involved in the adaptation process. Clearly, 273-4 adapted to the stress in a manner different from some other species.
The proteins identified during global protein profiling were then further classified into different functional groups, shown in Table 3 (Addendum) and Fig. 8 . Proteins in 18 functional categories were identified, where translational proteins represented the largest category, followed by conserved hypothetical proteins. Among the entire metabolism group, more proteins were found in amino acid metabolism, and a small number of proteins were found in carbohydrate metabolism, which suggests that amino acids may be a part of its carbon source. Pseudogenes are inactive sequences of genomic DNA. However, a pseudogene (gene 2036) predicted from the database was translated into the protein, which enhances our knowledge about 273-4. 
Concluding remarks
Global protein profiling and a comparative proteomic study of 273-4 cultured at 227C and 47C in the media with or without 5% NaCl have been performed using 2-D HPLC and MS. More proteins were involved in adaptation to low temperature in the cells grown in the nonsaline media than in saline media; more proteins were observed differentially expressed in response to the salt at 227C than 47C. In addition, 5% NaCl and 47C showed a combination effect on the protein expression. Fifty-six proteins involved in temperature and salt regulation were identified using MS and database searching. Cold adaptation in nonsaline media relies on modulation of translation level, regulation of metabolism pathways, overexpression of proteins facilating protein folding, and certain proteins with unknown functions. In saline media 47C is favored over 227C by cells. The involvement of ribosomal proteins in low temperature adaptation and salinity adaptation at 227C suggests that manipulation of the expression at the translational level was an important mechanism for cellular stress response. Overexpression of certain chaperones and stress-related proteins such as HSP60, HSP10, a cold-shock protein, and peptidyl-prolyl cis-trans isomerases facilitate protein biosynthesis at low temperature in the saline media. The differentially expressed proteins were found in different functional categories and locations, suggesting that the regulation system for adaptation to low temperature and salinity is cell-wide and very elaborate. There were no data from the study showing a connection between changing of membrane fluidity and/or cell wall adaptation. Peptidyl-prolyl cis-trans isomerase was actively involved in cold and salt adaptation process. The optimal growing condition of 227C and nonsaline media still exposes cells to some stress. The evidence supports that the adaptation of 273-4 is based on control of translation, the synthesis of proteins (chaperones) to facilitate RNA and protein folding, and regulation of metabolism pathways. 
